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Magnetic and magnetotransport properties of GdBaCo2O5¿d : A high magnetic-field study
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Magnetic, transport, and optical measurements performed on GdBaCo2O5.5 under pulsed magnetic fields up
to 35 T have allowed us to determine its completem0H-T phase diagram. A first-order field-induced transition
takes place below the Ne´el point (TN'255 K), which implies the appearance of a ferromagnetic component
and steep changes in the conductivity. The ferromagnetic component (0.4560.1)mB /(Co ion) does not appre-
ciably change belowTN . The nature of the high-field ferromagnetic state is discussed in connection with the
zero-field ferromagnetic~or ferrimagnetic! phase aboveTN .
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I. INTRODUCTION

Cobalt oxides with perovskite structure form a very ri
family of compounds that have been extensively stud
during the second half of the 20th century.1–9 Its interest
comes not only from a fundamental point of view, but al
from technological aspects. They present rich phase
grams and even giant magnetoresistance, with magnetor
tance values in some cases larger than 30%. An exten
work has been done on La-based cobaltites, both undo
(LaCoO3, La2CoO4! or ~Sr,Ca!-doped (La12xSrxCoO3,
La22xSrxCoO4, La12xCaxCoO3, La22xCaxCoO4). Mainly
devoted to the determination of the magnetic ground st
these studies show that the magnetism of the cobalt ion
far from simple and that determining the spin state of Co31

ions has revealed to be a complex task. Since the crystal
(DCEF) and the intra-atomic exchange energies (JH) are
comparable, a high-spin~HS! state (t2g

4 eg
2 ,S52) and low-

spin ~LS! state (t2g
6 eg

0 ,S50), as well as an intermediate-sp
~IS! state (t2g

5 eg
1 ,S51) can be observed depending on t

ratio of DCEF and JH . A representative example can b
found in the parent compound LaCoO3 ~only Co31 ions in
octahedra!, in which two spin-state transitions have been
ported. Both transitions are very extended in temperat
The first one happens between 20 and 100 K and the se
one, which coincides with a metal-insulator transition, tak
place between 450 and 600 K. There is a general conse
on the fact that at low temperature, below the first transiti
Co31 ions are in the LS state.3,6–9 However, the other two
spin states have been the subject of a great controv
Señaris-Rodrı´guez and Goodenough stated in Ref. 3 that
100 K<T<450 K half of the Co31 ions are in LS and the
other half in HS state forming a~short-range! ordered semi-
conductive phase. They also concluded that above 60
there is long-range order of Co31 ions in HS~50%! and IS
states. Contrarily, neutron diffraction results ruled out t
ordered scheme above 600 K.4 The presence of Co31 ions in
0163-1829/2001/64~21!/214401~7!/$20.00 64 2144
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the IS state has been confirmed by infrared spectroscop8

More recently, a great interest has appeared on rare-e
based cobaltites doped with Ba:LBaCo2O51d with L[rare
earth and 0<d<1. They present several fascinating featur
with structural, spin-state, metal-insulator, and magne
field-induced transitions, as well as charge and orbital ord
ing phenomena.10–19In these compounds the oxygen conte
d controls the mixed valence state of Co ions. The me
valence of Co varies from 2.51 for d50 to 3.51 for d51.
Thus, ford51 (d50) Co31 and Co41 (Co21) are present
in the same amount, while ford50.5 only Co31 is expected.
In a very complete paper, Maignanet al.14 showed that in
polycrystalline compounds sintered in air under similar co
ditions, d depends on the size of the lanthanide: the lar
this size is, the largerd is. Samples withd50 present a
comparatively large resistivity14 and, at low temperature,
charge ordering of the Co31/Co21 ions ~at least forL5Y
and Ho!.16,17 As happens for LaCoO3, there is also some
controversy about the spin state of Co inLBaCo2O51d com-
pounds withd50. Neutron diffraction data suggests th
Co31 ions in the pyramidal environment ofLBaCo2O5 (L
5Y, Ho! ~Ref. 16 and 17! adopt a HS state even at low
temperature. From electronic structure calculations
YBaCo2O5, a weak CF and the HS state for Co31 and Co21

has been theoretically predicted by Wu.20 For the same com-
pound, similar calculations reported in Ref. 21 predict t
HS ~IS! state for Co21 (Co31). Moreover, Kwon and Min
suggest that, for Co31 sites, the orbital moment is only pa
tially quenched in YBaCo2O5, renderingms51.84mB and
mL50.40mB for the spin and orbital moments.

The resistivity is considerably smaller in compounds w
d&1 for a wide range of lanthanides~at least from Gd to
La!.11,14 In the middle, compounds withd'0.5 present a
metal-insulator transition at a temperatureTMI between
280 and 400 K~depending on the rare earth!.14 LBaCo2O51d
perovskites consist in consecutive ordered layers
@CoO2#-@BaO#-@CoO2#-@LOd]. For d50.5 Moritomo et
©2001 The American Physical Society01-1
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MARC RESPAUDet al. PHYSICAL REVIEW B 64 214401
al.18 have described the structure of TbBaCo2O5.5 with the
apical oxygen atoms and vacancies located in rows par
to a which alternate alongb andc. In this structure (P mmm
crystal symmetry! CoO6 octahedra~50%! and CoO5 pyra-
mids ~50%! are ordered and occupy alternating planes alo
b. It has been reported in Ref. 18 that Co31 ions undergo a
spin-state transition atTMI . Upon cooling, a long-range fer
romagnetic~FM! moment appears below 300 K and su
denly disappears atTN5260 K, below which new magnetic
Bragg peaks appear in the neutron diffraction patterns
dencing an antiferromagnetic~AFM! order.18

Measurements under high magnetic fields have reve
to be very useful in order to investigate the stability
charge- and orbital-ordered phases in oxides.22–24 Magnetic-
field-induced transitions on the resistivity and magnetizat
curves have been reported ond.0.5 Ba cobaltites below
TN .11,12,22A partial m0H-T macroscopic phase diagram w
determined in Refs. 11,12, and 19 up to 14 T, althoug
microscopic interpretation of the first-order field transition
still lacking. The purpose of the present work has been to
insight into the electric and magnetic transitions
GdBaCo2O51d with d'0.5. With this objective in mind,
magnetization, magnetotransport, and far-infrared transm
sion measurements have been performed under high m
netic fields up tom0H535 T. They, together with som
structural data, have permitted us to establish them0H-T
phase diagram and give a microscopic description of
temperature evolution of this oxide.

II. EXPERIMENTAL DETAILS

Polycrystalline GdBaCo2O51d was prepared by solid
state reaction in air. High-purity powders of Gd2O3, BaCO3,
and Co3O4 were mixed at stoichiometric weights. After
de-carbonation process, the mixture was pressed into a p
and annealed during 24 h at 1125 °C in air. After a regrind
of the resulting pellet, the compression and annealing~at
1125 °C in air! processes were repeated several times. S
chrotron x-ray powder diffration data were collected at roo
temperature~RT! at the BM16 beamline of the Europea
Synchrotron Radiation Facility~ESRF, Grenoble! using l
50.442 377 Å. It is known that the oxygen content of a
synthesizedLBaCo2O51d decreases increasing the size
the lanthanide and it isd'0.5 for L5Gd.14 As detailed lat-
ter, the refinement of the very-high-resolution synchrotr
data determined the oxygen contentd50.54(3). Magnetic
data at low field were taken in the temperature range 10
<T<850 K using an extraction magnetometer. Hig
magnetic-field magnetization measurements have been
formed at the facilities of the SNCMP in Toulouse~France!,
between 4.2 and 300 K. Using the discharge of a bank
pacitor in a coil, pulsed fields up to 35 T are obtained with
duration time of more that 1 s. The magnetization was m
sured by inductive methods using a system of two concen
pickup coils in opposition. The measured signaldM/dt is
then integrated numerically. The conventional four-pro
method in dc configuration was used to measure the resi
ity and its magnetic field dependence for reasonable sam
resistances (R&107 V). In the insulating regime, magne
21440
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totransport data were obtained by measuring the magn
conductivity. Far-infrared transmission measurements w
carried out in the Faraday configuration using the sa
pulsed magnetic field. These measurements were done
single frequency (f 5344 GHz) produced by a far-infrare
Fabry-Perot cavity optically pumped by CO2. Each spectrum
corresponded to the sample transmission variation versus
applied magnetic field.

III. RESULTS

The high absorption of neutrons by natural Gd preclude
neutron diffraction investigation of the present compoun
Ultrahigh-resolution synchrotron x-ray diffraction data sho
a single phase, free of impurities. The sample is very w
crystallized, the diffraction peaks being remarkably sha
The structural refinement of the RT data was consistent w
a P mmmspace group in which the perovskite cell doubl
along c is also doubled alongb due to the alternation o
oxygen-rich and -deficienta-c layers. As expected, Gd an
Ba ions are arranged in consecutive~0 0 1! layers; the oxy-
gen vacancies are located in the Gd layers and ordere
alternating@1 0 0# rows. Thus,~0 1 0! planes of CoO6 octa-
hedra alternate with~0 1 0! planes of CoO5 pyramids as has
been described for TbBaCo2O5.5 and other d.0.5
compounds.14,18 The refined atomic positions were the fo

lowing: Ba 2o „

1
2 ,0.2500(2),0…, Gd 2p „

1
2 ,0.2278(2),1

2 …,

Co1 2r „0,1
2 ,0.2561(4)…; Co2 2q „0,0,0.2522(5)…; O1 1a

~0,0,0!; O2 1e (0,1
2 ,0); O3 1g (0,1

2 , 1
2 ) @occupation factor

50.08~3!#; O4 1c (0,0,12 ); O5 2s „

1
2 ,0,0.274(2)…; O6 2t

„

1
2 , 1

2 ,0.313(2)…; O7 4u „0,0.255(1),0.293(1)…. The model is
very similar to that given in Ref. 18~octahedra chains alon
c, alternating with corner-sharing square pyramids alongb),

but with the oxygen vacancies at (0,1
2 , 1

2 ) instead of (0,0,12 ).
The refinement of the oxygen occupancy indicatesd
50.54(3), confirming the expected oxygen content. Mor
over, regarding the data of Ref. 14 which correlates the u
cell parameters of GdBaCo2O51d samples with different
oxygen contents, our RT unit cell parameters agree with
refined oxygen composition. Together with the lattice para
eters, the main Co-O and Co-O-Co bond angles obtaine
RT are also listed in Table I. By examining the Co-O bo
lengths, it is apparent that the pyramidal environment
Co31 sites in GdBaCo2O5.5 is rather different to the reporte
one for Co31 sites in YBaCo2O5.16 We observe an appre
ciable deformation in the basal plane of the pyramids co
patible with the presence of Co31 in the IS state (t2g

5 eg
1) at

RT. However, such deformation is sensibly smaller than
the pyramids of YBaCo2O5. The relevance of the changes
the coordination environment of the pyramids withd for the
ground state of Co is not easy to elucidate.

Figure 1 shows the variation of the magnetization@M (T)#
in a field of 1 T as a function of the temperature~2–850 K!
measured after a zero-field-cooling~ZFC! process. Upon
cooling the system undergoes several successive mag
transitions. The first one, which occurs at 360 K, leads t
sudden change in the slope of theM 21(T) curve. It has been
reported that this change coincides with a metal-insula
1-2
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TABLE I. Lattice constants and main Co-O bond distances and angles for GdBaCo2O5.5 at RT obtained
from synchrotron powder diffraction Rietveld refinements. Co-Oi stands for the bond lengths alongi 5a,b,
andc axes. Co1 and Co2 correspond to, respectively, pyramids and octahedra.

Cell a ~Å! b ~Å! c ~Å! V (Å 3) RF ~%!

3.87738~3! 7.82690~7! 7.53487~6! 228.667~5! 3.91

Pyramids Co1-Oa (32) Co1-Ob (32) Co1-Oc Co1-Oc8 ^Co1-O&
1.986~3! 1.939~9! 1.929~3! – 1.956

Octahedra Co2-Oa (32) Co2-Ob (32) Co2-Oc Co2-Oc8 ^Co1-O&
1.945~1! 2.017~9! 1.901~3! 1.867~3! 1.949

uCo-O-Co Co1-Oa-Co1 Co2-Oa-Co2 Co1-Ob-Co2
155.0~7! 170.5~8! 163.1~5!
75
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(M -I ) transition atTMI5360 K ~Refs. 14 and 25! and, pre-
sumably, with a structural transition.18 It is worth recalling
that this transition is not present for oxygen contentsd
>0.6.14 Below TMI , a magnetic transition takes place at 2
K in which a net ferromagnetic component appears in the
sublattice. This ferromagnetic component suddenly drop
TN5255 K, coinciding with a small bump in the resistivit
curve ~vide ultra!. For this FM-AFM transition, measure
ments following warming and cooling processes evide
hysteretic phenomena characteristic of a first-order tra
tion. TheseM (T) features are in agreement with previo
results reported for GdBaCo2O5.5.14,19 Ordering of Gd mo-
ments was not detected down to 2 K. Assuming that
low-temperature enhancement ofM (T) is exclusively due to
the Gd atoms, it is possible to estimate the magnetic con
bution of this specie@MGd(T).17.3mBK/T# in order to ex-
tract the contribution coming from Co ions:MCo(T)
[ 1

2 @M (T)2MGd(T)#. Figure 2 shows the inverse of the o
tained results, in which the aforementioned singularity
M (T) is now more pronounced. BetweenTMI and TC , the
MCo(T) curve can then be analyzed using a simple Cu
Weiss law. The Curie temperature is estimated to beuC
527563 K>TC and the effective magnetic mome
meff(Co)5(1.960.1)mB per Co atom. AboveTMI , meff(Co) in-
creases considerably@(4.360.2)mB# anduC becomes nega
tive (uC>2600 K). Therefore, a magnetic transition, in

FIG. 1. Magnetization curveM (T) of GdBaCo2O5.5 obtained
under an applied field of 1 T. The inset presents the inverse
M (T) ~solid line! and the inverse of the contribution coming fro
Gd sublatticeMGd

21(T) ~dotted line!.
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volving a drastic change in the sign of the exchan
interactions between Co ions and in the amplitude of
paramagnetic moment, takes place associated to the
tronic localization. Figure 3 displays the temperature dep
dence of the magnetization below RT form0H50.5, 1, 5, 8,
and 10.5 T. The onset of long-range ferromagnetism~anti-
ferromagnetism! shifts to higher~lower! temperatures unde
field. At the same time the stability range for the FM pha
spreads out and the two sharp magnetic transitions in
become very rounded under increasing fields.

We will focus next on the high-field results. Figure
shows the isothermal magnetization measurements@M (H)#
at T54.2 and 100 K. Each isothermal curve was record
after a zero-field-cooling process from RT down to the te
perature of measurement. At low temperature, a two-s
process of the magnetization is observed in connection to
two different magnetic ions~Gd and Co!. At ‘‘low’’ fields,
between 0 and 6–10 T, the moments of the paramagnetic
sublattice become fully polarized by the external field, with
magnetizationDM15(7.860.1)mB per f.u.~or, equivalently,
per Gd ion!, which corresponds to the expected moment
Gd31 ions. In addition to that, there is an hysteretic fiel
induced transition, which involves the Co sublattice, start
at a field ofm0HC;16.5 T forT54.2 K. The curvature of
the magnetization indicates that the FM contribution of Co
practically saturated at the maximum fieldm0HC;35 T. On
increasing temperature, the same magnetization proce

of

FIG. 2. Temperature evolution of the inverse magnetizat
coming from Co ions,MCo(T). Data correspond to that of Fig.
after subtracting the paramagnetic contribution of Gd ions. T
dashed straight lines show the best fit of a Curie law in the interv
Tc,T,TMI andT.TMI .
1-3
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MARC RESPAUDet al. PHYSICAL REVIEW B 64 214401
observed with lower critical fields.HC decreases down to
m0HC'11 T at T5100 K and the field transition disap
pears aboveTN5255 K. The hysteresis loops in this figur
confirm a notable activation barrier between the AFM a
FM phases of the Co sublattice. The average contributio
each Co ion, in the field-induced FM state, is aroundmCo
5(0.4560.1)mB and, within our resolution, remains con
stant, at least in the range of temperature 4.2 K<T
<200 K @mCo5(0.3760.1)mB /Co ion at T5200 K#.
Above TN and belowTC ~not shown! the low-field magneti-
zation curve,M (H) are composed of a FM component d
to the Co and a paramagnetic contribution arising from
and the fluctuating component of Co moment.

With the objective of investigating the correlation b
tween the charge dynamics and the magnetic ordering,
resistivity as well as the optical transmission were measu
as a function of magnetic field at several temperatures be
RT. The magnetic-field dependence of the resistivityr(H),
measured in the longitudinal configuration, is illustrated
Fig. 5~a!. The r(H) measurements were performed af
zero-field cooling following the same procedure as for
magnetization. Ther(H) curves reveal that, coinciding with
the transition from the AFM to the FM state under field~Fig.
4!, the resistivity shows a steep decrease. AtT54.2 K, the
resistivity displays an almost flat behavior up tom0H
'15 T, and then suddenly shows a steep decrease~about
two orders of magnitude! which coincides with the FM ar-
rangement of the Co ions. A similar behavior is observed

FIG. 3. Temperature dependence of the magnetization with
plied field ranging fromm0H50.5 T to 10.5 T.

FIG. 4. Isothermal magnetization vs applied field curves e
dencing the field-induced transition of the Co magnetic mome
This transition is not present forT.TN .
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d
of

d

he
d
w

r
e

t

higher temperatures, with critical fields identical to those d
duced from magnetization data. The field-induced transit
vanishes atTN . In the FM phase (TN,T,TC), a nonhys-
teretic linear magnetoresistance has been evidenced~not
shown!. The field-induced transition is of first order, accom
panied by a wide hysteresis that increases at low temp
tures due to suppression of the thermal fluctuations. A co
sal magnetoresistance~CMR! effect takes place associated
the field-induced transition. The magnetoresistance as a f
tion of magnetic field is shown in Fig. 5~b! at 4.2, 100, and
200 K. Data according to the definition MR(%)5100
3@r(T,m0H532 T)2r(T,m0H50)#/r(T,m0H50) have
been deduced from Fig. 5~a!. Pronounced and sudden field
induced changes were also evidenced by optical transmis
measurements versus the magnetic field up to 30 T. They
shown in Fig. 6, where each curve corresponds to the sam
transmission measured during the pulsed field@ T̃(H)# at a
frequency f 5344 GHz. The monotonous variation of th
transmission present the same features as the resistivity o
It suddenly decreases at the field-induced transition

p-

-
t.

FIG. 5. ~a! Isothermal resistivity vs applied field curves at tem
peratures~from top to bottom! 4.2, 79, 100, 150, 200, and 230 K
~b! Magnetoresistance vs applied field at 4.2, 100, and 200 K. T
magnetoresistance disappears atTN .

FIG. 6. Isothermal optical transmission vs applied field me
sured withf 5344 GHz.
1-4



a

d
it

a
t
n

v
pe
or

se
ro
en

t 1
er
nt

ow
i-
si-
h

s
he

is
-
tic

za-
n-
the
tic
d

K
des
o
y

be

nsi-

ns

HS

in
ure

The
etic

s to
d be-

u

on

MAGNETIC AND MAGNETOTRANSPORT PROPERTIES OF . . . PHYSICAL REVIEW B 64 214401
shows the same critical fields as those observed for the m
netization and the resistivity.

Figure 7~a! displays the resistivity measured in ZF an
under 32 T. It should be emphasized that lower resistiv
values are obtained under field belowTN5255 K. At this
temperature, the applied magnetic field makes the sm
bump exhibited byr(T,m0H50) to disappear. It is apparen
that the MR in GdBaCo2O5.5 is associated to the disruptio
of the Néel phase by the field and vanishes atTN .

IV. DISCUSSION

The functional dependence of bothr(T,m0H50) and
r(T,m0H532 T) is well described forT,TN by Mott’s
variable-range hopping~VRH! model, according to the law

r5r0 expS T0

T D 1/4

. ~1!

The corresponding resistivity fits form0H50 and m0H
532 T are shown in Fig. 7~b!. Other exponents different to
1/4 were tested as well without satisfactory results. Abo
TN , the limited temperature range investigated does not
mit unambiguous determination of the carrier transp
mechanism. A significant feature ofr(T,m0H50) is a sud-
den small bump coinciding withTN . It is apparent from
Figs. 7~a! and 7~b! that the scattering mechanism suppres
by the application of a high magnetic field is the same p
ducing the reduced carrier mobility in the system when
ters the AFM phase. From the fitted values ofT0 in Eq. ~1!,
the hopping range of the carriers in the FM state is abou
times larger than in the AFM state. This confirms the int
play between carrier hopping and the localized Co mome

FIG. 7. ~a! Temperature dependence of the resistivity witho
applied field and underm0H532 T. ~b! Plot of lnr(T,m0H50 T)
~circles! and lnr(T,m0H50 T) ~squares! (r in V cm) vsT21/4 (T
in K!; the straight lines are the best fit of Eq.~1!. Both insets show
in detail the temperature range aroundTN andTC .
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The sudden changes of the isothermalM (H), r(H), and

T̃(H) curves at a certain applied field evidence that, bel
TN , GdBaCo2O5.5 presents a first-order field-induced trans
tion. The hysteretic behavior allows us to define the tran
tion field HC

1 (HC
2) which corresponds to the field at whic

the derivative of the magnetizationdM/dH reaches its maxi-
mum value in the sweep-up~-down! process. Figure 8 show
them0H-T phase diagram obtained from this definition. T
thermodynamic field defined asHC[(HC

11HC
2)/2 displays

a maximum value of 16 T atT'75 K.
At 4.2 K the first stage of the magnetization upturn

completely finished at'16.5 T and the value of the magne
tization just below this field corresponds to the magne
moment expected for a fully polarized array of Gd31 ions.
This evidences that the ‘‘second jump’’ in theM (H) curve
exclusively comes from the Co sublattice. In the magneti
tion curve at 4.2 K the disruption of the AFM ordering re
ders a phase with a FM component. The saturation of
magnetization shown in Fig. 4 is compatible with a magne
moment of (0.4560.1)mB per Co ion. We have not detecte
appreciable changes in this value in the interval 4.2–200
~above the last temperature our lack of accuracy preclu
any conclusion!. It is of interest to recall here that Moritom
et al.18 refined the magnetic intensity diffracted b
TbBaCo2O5.5 at 50 K in zero field. Assuming a layered AFM
spin structure, they estimated the Co moment to
;0.4(2)mB /Co. Although this value agrees with the FM
component observed in our Gd sample after the field tra
tion, the rough estimation by Moritomoet al.18 was based on

a single weak magnetic Bragg peak (0 012 ). From the
structural point of view, GdBaCo2O5.5 crystallizes in the
P mmmspace group, with two distinguishable Co positio
~pyramids and octahedra!. Numerically, (0.4560.1)mB /Co
does not correspond to a 50%-50% mixture of LS and
(2mB /Co, in the hypothesis of a null orbital moment! or to a
50%-50% mixture of LS and IS (1mB /Co, in the same hy-
pothesis!. In this context, there are two possible scenarios
which the magnetic moment of Co ions at low temperat
would be larger than (0.4560.1mB). The first one is that the
state at high field corresponds to a weak FM phase.
second one is that this state corresponds to a ferrimagn
phase. The curvature ofM (H) line atm0H532 T is against
the weak FM hypothesis, but present data do not permit u
rule out the second scenario. Nevertheless, as discusse

t

FIG. 8. m0H-T phase diagram obtained from magnetizati
measurements. The solid lines are guides to the eyes.
1-5
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MARC RESPAUDet al. PHYSICAL REVIEW B 64 214401
low, the effective paramagnetic moment of Co ions in t
region TC,T,TMI ensures that a significant fraction o
Co31 ions are in LS state at low temperature.

On the contrary, two extra contributions to the magne
moment have to be considered: first~already mentioned!, a
possible orbital contribution to the observed ferromagne
moment and second, the possibility of having a certain c
tribution from Co41 moments due to an oxygen concentr
tion slightly above 5.5~permitted by our error bars!. The first
possibility requires more specific investigations as an orb
momentmL51.04mB has been predicted for Co31 ions in
YBaCo2O5.21 On the other hand, the AFM phase cannot
based on the presence of Co41 moments due to an oxyge
concentration slightly above 5.5~in our case the Co41:Co31

ratio is smaller than 7%:93%!. In such a scenario~all Co31

in the LS state,m50, and Co41 in the HS state,m55mB)
one should expect absence of long-range ordering, spec
at temperatures as high asTN5240 K.

The sharp change in the slope of theMCo
21(T) curve at

TMI'360 K, which can be clearly appreciated in Fig. 2, h
also been observed in other samples withd'0.5.14,18 Mori-
tomoet al.18 have interpreted it as an evidence of a change
the spin state of the Co31 ions from IS (T,TMI) to HS (T
.TMI). Besides, Maignanet al.14 have proposed a spin
state-ordered scheme belowTMI , LS in octahedral CoO6
sites and IS in pyramidal CoO5 sites, and an evolution to
wards the full HS state aboveTMI . BetweenTC andTMI , in
our sample we have obtainedmeff(Co)51.9(1)mB , which
agrees with the IS-LS scheme~predicted as 2mB!.26

An estimation of the effective magnetic moment in t
metallic (T.TMI) regime rendersmeff(Co)54.3(1)mB ~Fig.
2!, consistent with the 50% of Co in IS and the other 50%
the HS spin states. This is the expected spin-state schem
high temperatures~from entropic considerations!,27 as re-
ported to happen in LaCoO3.3,9 However, at variance with
LaCoO3, the presence of two Co sites perfectly ordered
the present case makes the ordered IS-HS scheme in
metallic phase very plausible.

The insulating character of the FM state induced by
magnetic field~Fig. 7! is consistent with the existence of
FM insulating state in zero field betweenTN andTC . How-
ever, discerning whether they correspond or not to the s
electronic configuration is not possible from present da
Both exhibit a weak FM component but the VRH law d
te
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scribing the temperature dependence ofr(T,m0H532 T)
fails to describe the resistivity in the zero-field FM regio
@see inset of Fig. 7~b!#.

V. CONCLUSIONS

We have investigated the relationship between magn
ordering and conductivity in the Co31 compound
GdBaCo2O5.5. Synchrotron x-ray powder diffraction dat
confirmed the high quality of the sample investigated a
have provided a description of the ordered arrangemen
CoO6 octahedra and CoO5 pyramids in a cell withP mmm
structural symmetry.

The resistivity and optical transmission of this oxide we
measured as a function of temperature below RT and a
function of pulsed magnetic fields of up to 35 T.M, r, andT̃
data collected under high fields have permitted us to es
lish the m0H-T phase diagram for GdBaCo2O5.5. A first-
order field-induced transition has been observed belowTN .
The thermodynamic critical field ism0H'16 T at low tem-
perature. Our measurements evidence that the contributio
Co ions to the FM moment in the high-field state corr
sponds to (0.4560.1)mB /Co ion, without appreciable
changes between 4.2 K and close belowTN . This value is
smaller than the expected from a 50% mixture of LS and
(1mB /Co ion), though the paramagnetic Co moment b
tweenTC andTMI is consistent with such a mixture. There
fore, it cannot be discarded that high-field state correspon
a ferrimagnetic phase. Steep changes in the conductivity
the magnetoresistance are also observed during the first o
field transition. The scattering mechanism inhibited by t
application of field (H.Hc) seems to be the same mech
nism responsible for the reduction of the carrier mobil
across the FM to AFM transition on cooling the sample
zero field. Consequently, the high-field phase is proba
very similar in nature to the zero-field FM phase.

ACKNOWLEDGMENTS

The authors thank Dr. J. Fontcuberta for fruitful discu
sions. Financial support by the CICyT~Spanish Government
MAT97-0699 and MAT1999-0984-C03-01!, MEC ~Spanish
Government, PB97-1175!, CIRIT ~Generalitat de Catalunya
GRQ95-8029!, and the EC through the ‘‘Oxide Spin Elec
tronics ~OXSEN!’’ network ~TMR! is acknowledged. The
provision of beam time at ESRF is acknowledged.
d

e,

u,

R.

R.
1W.C. Koehler and E.O. Wollan, J. Phys. Chem. Solids2, 100
~1957!.

2J.B. Goodenough, J. Phys. Chem. Solids6, 287 ~1958!.
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